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CHAPTER 1. BACKGROi:IND INFORMATION 
Introduction 
In the last century petrochemical polymers have become one of the most used materials in 
our society given their versatility and low cost; however, it is known that these polymers are 
not environmentally friendly (Zinn 2001). Thus, given the growing concern over 
environmental hazard caused by olefin-derived plastics, poly(hydroxylkanoates) (PHAs) 
have been evaluated as environmentally friendly biological plastics due to their thermoplastic 
properties and high biodegradability in soil (Merrick 2002, Zinn 2001, Jendrossek 1996). The 
world-wide production of plastics is approximately 150 million tons per year. Since a lazge 
amount of this material ends up in our landfills or is incinerated, there is growing interest in 
biodegradable polymers. 
Medical Applications of PHA 
PHAs have been tested intensively for biomedical uses. They have been investigated as drug 
delivery systems, implants, sutures, staples, screws, clips, bone and nerve repair, fixation 
rods, cardiovascular stents and others (Scholz 2000). Most of the studies involving PHAs as 
biomedical devices reported good biocompatibility and little or no immunological responses. 
The polymer itself is not toxic and the hydrolysis product is (R)-~i-hydroxybutyric acid, itself 
a mammalian metabolite that occurs in low concentrations in humans. 
A high biocompatibility is essential for the acceptance of an incorporated object by humans 
and mammals. Several factors determine whether an object is biocompatible: shape, surface 
porosity, chemistry of the material, and the environment (tissue) where it is incorporated. 
New materials are needed because some of the traditionally used materials, e.g., silicone, are 
suspected to have malign effects and to cause cancer (Gammas 1999). PHA has the potential 
to become an important compound for medical applications (Zinn 2001) (Table 1.1). Tests 
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have shown that PHB is biocompatible, which is not surprising when considering the fact 
that (R)-3-hydroxybutyric acid is a normal constituent of blood at concentrations between 0.3 
Table 1.1. Potential applications of PHAs. 
Type of application Product 
Wound management 
Vascular system 






Sutures, skin substitutes, nerve cuffs, surgical meshes, 
staples 
Heart valves, cardiovascular fabrics, vascular gifts 
Bottles, films, fibres, packaging materials 
Micro- and nanospheres for anticancer therapy 
Dairy cream substitutes 
Flavor delivery agent in different types of food 
Barrier material for guided tissue regeneration in 
periodontitis 
and 1.3 mM (Wiggam 1997, Yanik 1997, Adams 1987) and is also found in the cell envelope 
of eukaryotes (Reusch 2000). 
Production of PHA 
A wide variety of microorganisms produce polyhydroxyalkanoic acids (PHA,$) as carbon and 
energy reserves from a variety of carbon sources; the polymers are usually produced when 
nutritional elements such as N, P, O, or S are limiting in the presence of excess carbon 
(Amara 2002, Zhang 2002, Kamachi 2001, Steinbuchel 2001, Lee 1999, Kraak 1997, 
Jendrosessek 1996). PHAs are deposited intracellularly in the form of granules and can 
amount to 90°Io of the dry cell mass under controlled fermentation conditions (Zhang 2002, 
3 
Jendrosessek 1996). More than 150 different hydroxyalkanoic acids have already been 
detected as constituents of these bacterial polyesters. But it is essential for the 
biodegradability and biocompatibility of these polymers to have complete stereospecificity; 
all chiral carbon atoms in the backbone of the polymer have the R configuration (Figure 1.1) 
(Zinn 2001). 
~0 100-30, 000 
Figure 1.1. Poly(hydroxyalkanoates). All monomers have a chiral center (*) in the R 
configuration and R varies according to the alkyl chain of the monomer. Furthermore, n =1, 
2, 3 depending on the position of hydroxyl group. 
The biosynthesis of PHA by microorganisms is largely dependent on the type of carbon 
source available. In most cases PHAs are polymerized in the cell from coenzyme A (CoA) 
thioester derivatives of hydroxyalkanoates (HACoA) by a PHA synthase to make PHAs with 
the concomitant release of CoA (Figure 1.2) (Amara 2002, Zhang 2002, Steinbuchel 2001, 
Ballard 1987). Poly(hydroxybutyrate) (PHB) (Figure 1.1; R=methyl) is the most common 
and abundant of all PHAs and its enzymatic synthesis pathway and chemical pathway has 
been the focus of most studies. 
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Figure 1.2. Biosyntheis of poly(hydroxyalkanoates) with the concomitant release of 
coenzyme A. 
Classification of PHA Synthases 
PHA synthases are the key enzymes for the PHA biosynthesis. On the basis of their substrate 
specificity and subunit composition, PHAs can be divided into three types (Amara 2002, 
Zhang 2002, Kamachi 2001, Rehm 2001, Steinbiichel 2001, Qi 2000, Muh 1999). At present 
42 PHA synthase structural genes from 38 different bacteria have been cloned, and the 
nucleotide sequences were obtained from 30 genes. In addition, the primary structures of the 
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30 PHA synthases were aligned and analyzed with respect to highly conserved amino acids 
and biochemical features (Rehm 1999). 
Table 1.2. Properties of PHA synthases. 
Type I Type II Type III 
Bacteria Ralstonia eutropha Pseudomonas Chromatium 
aeruginosa vinosum 
Subunit One type One type Tvvo types 
Substrate C3-CS HACoAs C6-C~4 HACoAs C3-CS HACoAs 
Molecular mass ~64 kDa ~62 kDa ~40 kDa each 
of subunit 
Type I synthases are composed of a single polypeptide proposed to act functionally as a 
dimer (Wodzinska, 1996; Hoppensack, 1999). 3-Hydroxybutyrl-CoA and 3-hydroxyvaleryl-
CoA are substrates for these PHA synthases. The type III synthases are composed of two 
different subunits of about 40 kDa each (Liebergesell 1992), whereas the substrate specificity 
is similar to that of type I synthases. The type II enzymes are mainly found in pseudomonads 
such as, for example, Pseudomonas aeruginosa, and are composed of one type of subunit. 
The major difference to type I and type II is the substrate specificity. Type II PHA synthases 
incorporate preferentially 3-hydroxy fatty acids of medium chain length (C6-C14) into PHA 
(Langenbach 1997), leading to a latex like polymer. The properties of these polymerases are 
summarized in Table 1.2. 
Historical Outline 
As a class of polymers, the PHAs are relative newcomers, with many of the different types 
have been discovered during onl}~ the past 20 years. One of the simplest members of the 
6 
class, poly[(R)-3-hydroxybutyrate] (PHB), is an exception as it was first identified in 1925 
and is the most well-known PHA polymer (Lemoigne 1925). It should be noted, however, 
that the properties of PHB are not representative of the polymer class as a whole. 
The role of PHA synthase in the in vivo bacterial production of the most common PHA, 
PHB, from its CoA thioester, 3HBCoA, was first inferred by Merrick and Doudoroff 
(Merrick 1961). This study was carried out 35 years after the initial report on, and 
identification of, PHB as an inclusion body in a bacterium by Lemoigne (Lemoigne 1925). 
Lemoigne carried out his pioneering investigations with Bacillus megaterium, where he 
noticed that PHB was a homopolymer that consisted of 3-hydroxybutyric acid linked through 
ester bonds between the hydroxyl group and the carboxylic group of the next monomer. 
In 1961, Merrick and Doudoroff investigated both Bacillus megaterium and Rhodospirillum 
rubrum for the production of PHB from its CoA thioester monomers (Merrick 1961). In their 
subsequent investigations in 1968, Merrick and coworkers (Griebel 1968) carried out in vitro 
kinetic studies on the polymerization of 3HBCoA with active granules from Bacillus 
megaterium. In that report they referred specifically the role of a `PHB synthase' in 
catalyzing the polymerization of 3HBCoA and they proposed that the active site of the 
synthase contains a sulfhydryl (thiol) group. They also determined the effect of incubation 
time, protein concentration, and pH on the rate of polymerization with the bound PHA 
synthase. In a later study, Merrick and coworkers attempted to, but could not, obtain an 
active PHA synthase from the granule in soluble form (Griebel 1968). A soluble PHA 
synthase was apparently first obtained in 1976 in the work of Tomita and coworkers on 
Zoogloea ramigera (Tomita 1983, Fukui 1976). They studied both the granule-bound and 
soluble forms of the PHA synthase of that bacterium. 
Ballard and coworkers delved deep into the mechanism of the reactions involved at the active 
site of the enzyme during the polymerization of 3HBCoA (Ballard 1987). They proposed that 
two thiol groups present in the active site of the enzyme participate in the convalent catalysis 
of the polymer synthesis (Figure 1.3). In this mechanism one thiol group (S1H) is the loading 
site that forms a thioester with the incoming monomer. The second thiol group (SZH) is the 
priming and elongation site. 
According to this mechanism the condensation step occurs via afour-component transition 
state having a thiol group free at all times for a new monomer to be incorporated into the 
polymer chain. Ballard and coworkers also suggested that the polymer chain goes back and 
forth between the two thiol groups in the active site. Stubbe and coworkers, in order to 
understand the differences between type I and type III synthases, researched and 
characterized the mechanism of polymerization by the PHB synthase from Chromatium 
vinosum, a type III synthase (Muh 1999). This study demonstrated that two thin groups and 
covalent catalysis are required for the polymerization process. Later, they illustrated the 
similarities in the catalytic mechanism and architecture of the active site in the type I and 
type III PHA synthases from R. eutropha and A. vinosum (Yuan 2001, Jia 2000). 
' protein SOH 
O O O 




protein S2 O~O~OH n 
OH O 
~SCoA 
Figure 1.3. Proposed model for the reaction mechanism of PHA synthase. 
Dawes and coworkers investigated the activity of the PHA synthase of R. eutropha for the in 
vitro polymerization of monomer with longer carbon chains i.e. those containing from 6-10 
carbon atoms (Haywood 1989). They found that the granule-bound PHA synthase was active 
only towards monomers containing 4 to 5 carbon atoms as previous studies had shown. In 
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addition, they found that the PHA synthase was active only for (R)-3HBCoA and not the S 
isomer, which was also observed by Fukui and coworkers for the PHA synthase of Z. 
ramigera (Tomita 1983, Fukui 1976). 
Importance of Medium-Chain-Length PHAs 
Medium-Chian-length PHAs were first discovered by Witholt and coworkers, who observed 
that inclusions were formed by Pseudomonas oleovorans when grown on 50% octane (de 
Smet 1983). These inclusions consisted of 89% (R)-3-hydroxyoctanoate and 11% (R)-3-
hydroxyhexanoate (Lageveen 1988). MCL-Poly(3-hydroxyalkanoate) is not just one single 
polymer, but a family of biopolyesters, which differ with respect to monomer composition. 
The MCL-poly(3HA)s are of interest for specific uses in which the chirality and elastomeric 
properties of the polymers are important. New studies of MCL-poly(3HA)s have been 
hindered in part because their chiral monomers are not commercially available. In addition, 
the coenzyme A leaving group used by the MCL polymerase is exceedingly expensive. Other 
enzymes, such as the polyketide synthases (PKSs) and fatty acid synthases (FASs) that 
accept CoA-thioester substrates, tolerate and turn over truncated versions of the substrates 
that are less costly and easier to chemically synthesize (Khosla 1999, Khosla 1998). It is 
unclear whether PHA synthases, which are proposed to be related to lipases rather than FASs 
(Jia 2000), would exhibit a similar substrate tolerance. 
The high cost of the CoA leaving group and the fact that MCL chiral monomers are not 
commercially available are delaying the studies of MCL polymerase. Consequently, if the 
polymerase is able to accept and turn over truncated versions of the thioesters, without the 
CoA-derivative, the low cost and ease of a chiral synthesis would promote further studies on 
this type of polymerase. 
A very interesting application of PHA is their use as starting chemicals (synthons) for other 
chemicals taking advantage of their uniform chirality (Lee 1999, Ohashi 1992, Witholt 
1992). Chiral PHAs could serve as new sources of chiral building blocks that could be further 
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elaborated to synthesize a variety of chemicals such as antibiotics, vitamins, and pheromones 
(Lee 1999). This application of chiral PHAs is restricted only to PHB due to the fact that 
PHB is the only homopolymer of this class found in nature. However, the synthesis of 
homopolymers of different monomer units of PHAs could be envisioned in two ways: 1) by 
using enantiomerically pure chiral R-hydroxy acid as monomer; 2) by utilizing enzyme's 
sequence homology with lipases as a base for chiral resolution of racemic ~3-hydroxy acid by 
the polymerise to synthesize poly[(R)-(3-hydroxyalkanoic acid]. Unfortunately, these acids 
contain a chiral center and also an OH group beta to COOH that make their chemical 
synthesis cumbersome and expensive as ~3-elimination is a common pathway for such 
moieties. Consequently, enantiomerically pure (3-hydroxy acids can be prepared by 
depolymerization of PHAs either by a chemical method (Lee 2000) or by using a 
depolymerase (Qi 2000, Jendrossek 1998, Kraak 1997). On the other hand, racemic R-
hydroxy acids are much easier to synthesize. Since these enzymes have sequence homology 
to lipases and only R configuration of the chiral center is detected in the microorganisms, it 
could be possible to separate a racemic mixture, because the (R)-(3-hydroxy acids would be 
polymerized and the (S)-(3-hydroxy acids would remain in solution as monomers. 
Previous Synthesis of Chiral ~-Hydroxy Acids 
Most studies on PHAs have been completed on type I and type III synthases as chiral R-
hydroxybutyric acid is commercially available, which makes the synthesis of a CoA-thioester 
straightforward. 
The most commonly used chemical synthesis to obtain SCL CoA-thioester substrates (Figure 
1.4) starts with (R)-3-hydroxybutyric acid. In the first step, the hydroxyl group is protected 
with TBDMS, followed by coupling with phenylthiol and deprotection of the alcohol. The 
resulting thioester is coupled to CoA at pH 8 (Yuan 2001, Jia 2000). Unfortunately, chiral 
monomers for the biosynthesis of MCL-PHAs are not commercially available, so CoA-
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Figure 1.4. Synthesis of CoA-thioester substrates (Jia 2000, Yuan 2001). 
3HBCoAs also have been obtained biosynthetically by a two-step reaction starting with 
acetyl CoA (Figure 1.5) (Zinn 2001). In this reaction, the enzyme (3-ketothiolase catalyzes 
the synthesis of acetoacetyl-CoA followed by reduction with NADPH-dependent 
acetoacetyl-CoA reductase, giving the desired product. This route still requires a relatively 
expensive CoA-derivative, however, and would require both enzymes to exhibit tolerance of 











Noyori and coworkers reported a purely chemical access to ~3-hydroxy esters through 
ruthenium-catalyzed asymmetric hydrogenation of ~i-keto carboxylic esters (Figure 1.6) 







. v `OR~ 
Figure 1.6. Asymmetric hydrogenation of ~3-keto carboxylic esters. 
Different "R" groups, for example methyl, butyl, and phenyl were used and the 
corresponding ~-hydroxy esters were obtained in good yields and high enantiomeric excess. 
The major disadvantage of this methodology is very long reaction times, from two to five 
days. Also, if there is small amount of metal present in the ~-hydroxy ester product, it could 
interfere in a bioassay. 
Synthesis of Biodegradable Polyesters 
Chemical Synthesis 
Research on new synthetic routes that allow control of polymer (plastics) structure hold 
promise for revolutionary materials with important uses and applications in industries such as
packaging, agriculture, and biomedicine and also for diminishing negative environmental 
impacts from the current manufacturing and disposal methods of polymers. 
The increasing use and need for resorbable biomedical devices, together with the demand for 
sustainable life cycles in materials technology, especially in the packaging sector, have 
created a need for efficient polymerization technologies for biodegradable polymers and 
polymers based on even renewable raw materials. Although the first reports of polyester 
synthesis appeared in the nineteenth century, the breakthrough did not occur until Carothers 
and Arvin (Carothers 1929) established their fundamental theory of polycondensation. 
There are two main routes in the synthesis of aliphatic polyesters: (1) condensation 
polymerization, including direct polycondensation reactions of compounds containing 
hydroxyl and carboxylic acid groups, reactions of carboxylic acid derivatives (esters, 
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chlorides, anhydrides) and hydroxyl groups, oligomerization and oligomer chain linking; and 
(2) ring-opening polymerization (ROP) of lactones, i.e., cyclic esters. The polycondensation 
of polyesters occurs through the typical step-growth polymerization mechanisms in which 
polymer chains grow gradually through end-group reactions. In direct polycondensation there 
is a correlation between the end-group conversion, molecular weight, and molecular weight 
distribution. 
The systematic study of ROP was started in the 1950s (Allen 1988, Ivin 1984) and was 
preceded by Meerwein's work on THE polymerization (Meerwein 1937). So far, many 
polymers by ROP have found important industrial applications, such as engineering 
thermoplastics and elastoplastics. Several living ROP systems (Webster 1991, Endo 1987) 
have been reported with respect to the discovery of living polymerization in 1956 (Szwarc 
1956). Polymerizations of lactones are receiving growing attention in recent years for their 
potential applications to biological and medical engineering (Yasuda 1999, Zhu 1991). 
Various groups have reported controlling the number-average molecular weight (Mn) and 
polydispersity index [weight-average molecular weight/number-average molecular weight 
(Mw/Mn)) in ROP of lactones. 
ROP of lactones is a catalytic polymerization in which the mass balance of the condensation 
product does not limit monomer conversion or the degree of polymerization. ROP enables 
short reaction times, high molecular weights, and structural control though the use of various 
coinitiators and comonomers. ROP is the major route employed in the synthesis of 
biodegradable polyesters. 
ROP of lactones is particularly important because these polymers can only be obtained with 
difficulty by classical polycondensation methods, and the weight is usually Limited to a few 
tens of thousands (Jedlinski 1992). Temperature has a pronounced effect on the rate of ROP 
of lactones and the residual monomer concentration. The overall polymerization rate 
increases with temperature (Witzke 1997). However, transesterification may occur at high 
temperature, limiting the molecular weight, broadening the molecular weight distribution, 
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and yielding cyclic oligomers (Mecerreyes 1999). In addition to transesterification, the 
irreversible thermolysis of formed ester bonds reduces the molecular weight. This cleavage 
reaction of the polyester chain leads to the formation of carboxylic groups and unsaturated 
compounds (Rafter 1992). Polymerization temperature also affects the equilibrium 
concentration of the monomer, i.e., residual monomer concentration increases with 
temperature. 
The synthesis of structural and stereochemical isomers of PHA can be carried out by the 
ROP reactions of appropriate ~3-monosubstituted (3-propiolactones (Bloembergen 1987). 
These synthetic analogues are useful for understanding the physical properties and biological 
activity of PHAs from bacterial origin, which, in many cases, are produced only as 
copolymers in a limited range of compositions (Gross 1989, Brandl 1988). That is, the 
polymerization of (3-monosubstituted (3-propiolactones can be used to synthesize 
homopolymers and copolymers that are not currently available from the biosynthetic 
pathway, but the ability to control the stereochemistry of the ROP of these monomers is 
essential in order to obtain the synthetic analogues of the bacterial PHAs, all of which are 
believed to contain the (R) chiral center at the (3-position. 
Various groups have reported ROP of ~3-butyrolactone using organic as well as 
organometallic reagents (Figure 1.7, Table 1.3). The advantage of organic catalysts over 
many of the organometallic reagents that have been used for the polymerization of ~i-
butyrolactone (Arcana 2002, Rieth 2002, Moller 2000, Spassky 2000, Harlan 1997, Zhang 
1990) is the simplicity of work-up to get a polymer sample free of metals, which could 





Figure 1.7. Chemical synthesis of PHB 
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Table 1.3. Catalysts for ROP of (3-butyrolactone 








ZnEt2/H20 Zhang 1990 
Ethylaluminoxane Zhang 1990 
Et30PF6 Endo 2002 
Hexameric alumoxane Harlan 1997 
Sodium (R)-3-hydroxybutyrate/Crown ether Jedlinski 1998 
Distannoxane complexes Hori 1999 
Tetrabutylammonium acetate Kurcok 2002 
~n.zymatic Synthesis 
The need to find nontoxic catalysts that would function under mild conditions has been the 
driving force in the research on enzyme-catalyzed polymerization. Enzyme technology has 
significantly expanded in scope and impact over the past ten years. Within the context of 
polymer science and engineering, there are some key attributes of enzymes that can be 
highlighted. 
• Polymerization kinetics —High monomer turnover rates with reasonable enzyme 
stability in polymer synthesis under ambient conditions. 
• Control of polymer structure — Stereoselectivity, regioselectivity, molecular weight, 
polydispersity, block size, and architectural control are all feasible attributes in 
polymer synthesis with enzyme technology. In most cases, this control of structure 
can be achieved in much simpler ways than with traditional synthetic catalysts. 
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• Versatility of enzymes in polymer synthesis —Enzymes can be engineered with a 
suite of powerful methods to carry out new reactions or to improve inefficient 
reactions. Similarly, the reaction environment can be engineered to facilitate these 
goals. 
• Polymer life-cycles —Polymers synthesized using enzymes should be biodegradable, 
thus geochemical cycles can be maintained in balance without undue accumulation of 
nonbiodegradable materials, often a concern with many synthetic polymers. 
An easy approach to the synthesis of variety of chiral (3-hydroxyalkanoic acids would be via 
the degradation of chiral homopolymers of these acids. The chiral PHAs could be 
synthesized by chemical methods as well as by enzymatic methods. Chemically PHB could 
be synthesized by the ri ng -opening polymerization of (3-butyrolactone. This method has been 
extensively studied for decades. But in order to access different poly((3-hydroxyalkanoates), a 
variety of (3-lactones would be needed. And synthesis of these four-membered (3-lactones 
with different side chains is very challenging. Since PHA synthase has sequence homology to 
lipases, racemic MCL thioester substrates when fed to the PHA synthase enzyme would 
produce chiral poly((3-hydroxyalkanoates). It can then be chemically depolymerized to 
produce chiral R-hydroxyalkanoic acids. 
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CHAPTER 2. RING-OPENING POLYMERIZATION OF ~-BUTYROLACTONE 
Introduction 
Poly[(R)-3-hydroxybutyrate] (PHB), a member of a larger family of polymers named 
poly(hydroxyalkanoates) (PHA), is produced by a large number of bacteria as an energy 
storage medium, playing a role analogous to mammalian fat (Steinbuchel 1995). PHB is a 
linear, unbranched homopolymer built up of (R)-3-hydroxybutyric acid units. The molecular 
weight values given in the literature vary considerably, and are dependent on microorganism, 
cultivation conditions, and the method of isolation. The copolymer from (R)-3-
hydroxybutyrate and (R)-3-hydroxyvalerate P(3-HB/3-HV) has achieved a certain economic 
importance because of its polypropylene-like properties, and is marketed by ICI under the 
tradename "BIOPOL". 
The recent large-scale commercial production of poly(lactide) in particular has fueled rising 
interest in the practical potential of polymers from renewable resources, especially as a 
source of chirality in polymer design (Drumright 2000). Fermentation processes can provide 
a chiral monomer stock, such as L-lactic acid, or produce the polymers themselves when 
natural biosynthetic processes exist, such as those producing poly(~i-hydroxyalkanoates). 
Within the context of a broader program of harnessing biosynthetic processes in vivo and in 
vitro for the design of complex chiral compounds for natural product-like materials, bioactive 
compounds, and new sources of chiral building blocks for synthesis, we are studying the 
enzymes involved in the biosynthesis of various natural polymers. Herein we report the 
successful polymerization of ~i-butyrolactone using a protic organic acid along with details of 
the stereochemical course of this reaction and a new method for the depolymerization of this 
class of polymers to produce chiral (3-hydroxyacids. These results indicate that metal 
catalysts may be unnecessary in metal-triflate-catalyzed polymerization reactions. 
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Results and Discussion 
Initial studies centered on an organocatalytic method using dimethylaminopyridine (DMAP) 
catalysis that has been used to produce poly(lactide) (Nederberg 2001). Unfortunately, 
polymerization attempts of (3-butyrolactone using DMAP resulted in only oligomers with a 
degree of polymerization (DP) of less than eight at the temperatures required for the reaction, 
and a longer oligomer was necessary for studies with the poly(hydroxyalkanoate) 
depolymerase enzymes. 1H NMR analysis and MALDI-mass spectrometry data indicate that 
crotonate end groups as the chain terminating step (Figure 2.1). In fact, heating the 
polymerization reaction above 80 °C promoted elimination of water and chain ternunation by 
a pathway that is not of concern in the synthesis of poly(lactide). We, therefore, sought an 









Figure 2.1. ROP of ~i-butyrolactone using DMAP as a catalyst 
Protic acids have not been employed for the polymerization of (3-lactones since an early 
report using sulfuric acid produced only oligomers (DP below 12) (Gresham 1948). We 
hypothesized that dehydrative chain termination was probably responsible for the low 
molecular weight (MW) polymers and that use of a stronger acid in a relatively non-polar 
environment would allow a greater degree of reaction control than has been previously 
obtained. Similar work in the polymerization of dilactide has shown that triflic acid can be 
used as a potential initiator for the cationic polymerization of L,L-dilactide (Kricheldorf 
1986). At temperatures below 100 °C the resulting poly(L-lactide) was 100% optically pure, 
but at temperatures above 100 °C racemization was observed. We wanted to test whether 
acidic conditions could be found to carry out the cationic polymerization of ~3-butyrolactone 
without crotonate-forming ternunation steps and whether these conditions led to racemization 
of the monomer units. 
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As we know that four-membered lactones are not very stable compounds due to the strained 
four-membered ring structure, we wanted to see if the (3-butyrolactone could be opened by 
heating with some alkoxy-based molecule to produce poly((3-butyrolactone). Toward the 
ring-opening polymerization (ROP) studies of (3-butyrolactone, methoxy trimethylsilane was 
tested as an intiator for the ROP of (3-butyrolactone (M/I = 30.1). The reaction was carried 
out at 50 °C in toluene. Starting material was recovered in 100% yield after stirring the 
reaction mixture for 42 h. The next step was to test whether the reaction could be carried out 
with triflic acid as an initiator, which has been used for L,L-dilactide polymerization 
(Kricheldorf 1986). A mixture of (3-butyrolactone (M/I = 30.1) and triflic acid in toluene 
when heated at 50 °C produced poly((3-hydroxybutyrate) (PHB) as a light brown gel. This 
suggested that methoxy trimethylsilane was not a strong nucleophile to do the ROP of ~i-
butyrolactone. Alcohol initiators have been widely used in the polymerization of lacide using 
DMAP as catalyst (Nederberg 2001). Therefore, the catalytic behavior of triflic acid was 
studied in toluene with different oxygen nucleophiles as initiators. When methoxy 
trimethylsilane was used as an initiator with triflic acid as a catalyst under reaction conditions 
described above, PHB polymer was produced as a light yellow gel. All these results indicated 
that triflic acid can be used as a catalyst for the ROP of ~i-butyrolactone. Other initiators such 
as methanol and ethanol were also tested under similar reaction conditions (Table 2.1). All 
the PHB polymers obtained (Table 2.1) had DP's in the range of 10-15. This was ascribed to 
the degradation of the polymer due to heating under acidic conditions. Therefore, the reaction 
was carried out at room temperature. It took more time for the reaction to go to completion 
but PHB was obtained in good yield. For a targeted DP of 30, which was calculated from the 
monomer-to-initiator ratio, a value of 25 was obtained by GPC analysis. Using polystyrene 
standard, the polydispersity was 1.56. The reaction also worked for lower temperatures such 
as 4 °C (Table 2.1). A milder acid, for example camphor sulfonic acid, was also used as 
catalyst for the polymerization reaction. The reaction took 7 days to give only 5% 
conversion. Clearly, a stronger acid was necessary for the polymerization reaction. 
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0 0 
OH" v j0" v 1~Me 
Table 2.1. Different conditions employed for PHB production by ROP of (3-butyrolactone. 
Entry Monomer Initiator catalyst Temperature, ~C Result 
1 ~i—butyrolactone McOSiMe3 — 
2 ~i—butyrolactone Triflic Acid — 
3 ~i—butyrolactone McOSiMe3 Triflic Acid 
4 (3—butyrolactone McOH Triflic Acid 
5 (3—butyrolactone EtOH Triflic Acid 
Triflic Acid 
7 (3—butyrolactone McOH Triflic Acid 





















Other reaction parameters: M/I = 30:1, Solvent =Toluene 
To check the versatility of the triflic acid-catalyzed ROP of ~i-butyrolactone, polymerization 
reactions were tried with different monomer-to-initiator ratios (Table 2.1). For targeted DP's 
of 100 and 150, polymerization times were in the range of 50-100 h. This resulted in small 
experimental DP's (Table 2.2) due to the degradation of the polymer under the reaction 
conditions. Also, polydispersities observed for monomer-to-initiator ratios of 30 and 60 were 
on the higher side. So, a reaction temperature of 3S °C was chosen. This reduced the 
polymerization times to 4-10 h for targeted DP's of 30 and 60. The molecular weights 
correlated closely to the monomer-to-initiator ratio and the polydispersities obtained were 






OH" v `O" ~' r~Me 
Table 2.2. Polymerization data for the triflic acid catalyzed ROP of (3-butyrolactone with 
methanol as initiator. 
Entry Initiator T, °C t, h M/I DP pDI % Conv. Figure 
1 McOH r.t. 10 30 25 1.56 95 2.15 
2 McOH 4 16 30 24 1.62 92 2.16 
3 McOH r.t. 24 60 56 1.27 85 2.17 
4 McOH r•t• 75 150 72 1.27 70 2.18 
5 McOH 35 4 30 38 1.08 97 2.19 
6 McOH 35 10 60 54 1.12 85 2.20 
M/I: monomer to initiator ratio, DP: degree of polymerization, PDI: polydispersity index 
In toluene as a solvent, either at room temperature or 35 °C, (3-butyrolactone could be 
polymerized with triflic acid as a catalyst and methanol as an initiator (Figure 2.2). These 
results also call into question what the active species is in metal triflate-catalyzed 




Toluene, 35 °C 
0 0 
OH" v t0" v /~Me 
Figure 2.2. Acid-catalyzed ROP of ~i-butyrolactone 
The monomer conversion was followed using 'H NMR. The degree of polymerization was 
calculated by end-group analysis as well as by gel permeation chromatography (GPC). 
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Polymerization of (3-butyrolactone was studied using different monomer to initiator ratios 
(Table 2.1). With careful exclusion of water, the polydispersities observed in all 
polymerization reactions were about 1.1. The degree of polymerization correlated with the 
expected value based on the monomer to initiator ratios, suggesting that the polymerization 
reaction may be living polymerization based on integration of the 1H NMR spectrum. The 
integration of the methyl-initiator group has a 3 to 1 ratio to the proton on the hydroxylated 
carbon of the terminal monomer. 
Once that the triflic acid-catalyzed polymerization reactions had been established in solution 
phase, the next step was to explore the possibilities of using solid acids. Solid-phase reactions 
have recently gained much interest among chemists Largely because the final product can be 
isolated just by filtering off the resin. The triflic acid-based resins, Nafion NR50 and Nafion 
SAC-13 were investigated as solid acid catalysts for the polymerization of ~i-butyrolactone. 
An advantage of Nafion is that, unlike mineral acids, this perfluorinated ion-exchange 
polymer is a solid resin that can be handled without the safety hazards associated with strong 
acids and is reusable (Carlotti 1999, Doyle 1993). The heterogeneity of these reactions 
resulted in much longer reaction time (> 50 h) as compared to the solution-based triflic acid. 
Water was difficult to remove from both solid catalysts. Therefore, the polymers obtained 
were lower DP (9 to 11-mers) than expected from the solution-phase triflic acid results. The 
PDI's obtained were 1.8 and 1.1 for Nafion NR50 and Nafion SAC-13, respectively. 
Because chiral polymers are desirable, especially for biological studies, questions about the 
mechanism of this polymerization and possible racemization were posed. Depending on the 
reaction conditions, the ring opening of ~i-butyrolactone with oxygen nucleophiles may 
proceed by bond breaking either between the carbonyl carbon and oxygen atom of the (3-
lactone ring (acyl cleavage) with retention of configuration as shown in path a (Figure 2.3) or 
by bond breaking between the (3-carbon and oxygen atom (alkyl cleavage), which could lead 
to either inversion of configuration or racemization, indicated by path b (Zhang 1990). 
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.~ 
r   ~o 
~I-O Triflic Acid, McOH 
a 
Figure 2.3. Possible mechanism for the ROP of ~3-butyrolactone 
Chiral Monomer Synthesis 
First Attempted Synthesis 
To study mechanism of the ROP of (3-butyrolactone, a chiral (3-butyrolactone was needed. A 
synthetic route was approached for the synthesis of (S)-R-butyrolactone, which was reported 
by Seebach in 1987 (Figure 2.4) (Griesbeck 1987). According to this scheme, commercially 
available stereoregular PHB was depolymerized using sulfuric acid and methanol to produce 
methyl-(R)-3-hydroxybutyrate, which was converted to the (R)-3-hydroxybutyric acid by 
hydrolysis using LiOH. Condensation of (R)-3-hydroxybutyric acid with ethyl orthoacetate 
resulted in the formation of the desired lactone but only in small quantities. 
- ~ 1) DCE/Heat 









LiOH, McOH ~ ~ ~ McC(OEt)3y
OH O 
OMe 4 °C, 24 h ~ v  `OH Benzene, 
96 % 0 °C, 1 Q min 
OCOCH3
+ ~COOEt 
Figure 2.4. Synthesis of (S)-~i-butyrolactone. 
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A new method for the direct degradation of commercially available PHB into (R)-3-
hydroxybutyric acid was also developed (Figure 2.5). When PHB from natural origin was 
treated under reaction conditions, (R)-3-hydroxybutyric acid was produced in 88°Io yield. 
`(o 
1. DCE, reflux 
2. TfOH, CH3CN, 
H2O, heat 
Figure 2.5. Direct degradation of PHB. 
OH O 
Chiral Monomer Synthesis by Lipase Resolution 
OH 
Yamamoto reported in 1995 that chiral ~3-butyrolactone could be produced by the lipase-
promoted asymmetric transesterification of racemic (3-butyrolactone with ring opening 
(Koichi 1995). Lipases have been widely used for asymmetric synthesis and optical 
resolution. Commercially available racemic (3-butyrolactone was treated with porcine 
pancreatic lipase (PPL), benzyl alcohol, and acetone at 35 °C for 6 days (Figure 2.6). The (S)-
(3-butyrolactone was converted to benzyl (S)-3-hydroxybutanoate and the (R)-(3-
butyrolactone remained. The above mixture was separated by fractional distillation to obtain 
(R)-(3-butyrolactone in 32% yield and 94% ee (deternuned by optical rotation measurement). 
O O OH O Lipase = ~ ~ 
O + 
O acetone, benzyl ,; 
alcohol, 35 °C, ~ R 
6 days 
Figure 2.6. Synthesis of (R)-~i-butyrolactone. 
S 
OBn 
The mechanism of the ring-opening polymerization of (3-butyrolactone was studied using 
(R)-(3-butyrolactone as a stereochemical probe. This chiral butyrolactone was polymerized 
using triflic acid catalyzed ROP to produce stereoregular PHB (Figure 2.7). The 
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stereochemical configuration of the repeating units in the polymer was determined by 
degradation of the polymer to its corresponding ethyl ~3-hydroxybutyrate units with ethanolic 
sulfuric acid (Griesbeck 1987) (Figure 2.7). 
TfOH, McOH 1) DCE, reflux >► 
,•`O Toluene, 35 °C O R n 2) H2SO4, EtOH 
- o off o 
Figure 2.7. Mechanistic study of ROP of ~3-butyrolactone. 
OEt 
The reaction mixture was analyzed on a chiral (3-cyclodextrin dimethyl (BDM) gas 
chromatography column to separate the two enantiomers as previously described (Pohl 2002) 
and ethyl-(R)-3-hydroxybutyrate was the predominant enantiomer, possessing enantiomeric 
excess in the same ratio as the starting lactone. This evidence indicated that the reaction 
proceeds by the retention of configuration of the repeating units in the polymer. This 
polymerization method, therefore, serves as a nice complement to the polymerization of (S)-
(3-butyrolactone initiated with sodium salt of (R)-3-hydroxybutyric acid in the presence of 
crown ether, which proceeds by inversion of configuration and yields polymers of 
comparable molecular weights (Jedlinski 1998). In contrast, the triflic acid-catalyzed 
polymerization of (3-butyrolactone proceeds through the cleavage of the bond between the 
carbonyl carbon and oxygen (acyl cleavage) as shown by path a (Figure 2.3). 
As we know that triflic acid has been used as initiator in the polymerization of lactide, we 
wanted to test whether our reaction conditions would work for the polymerization of lactide. 
The polymerization reaction was carried out at 50 °C in toluene with triflic acid as catalyst 
and methanol as initiator. Polylactide was produced as white powder. For targeted DP's of 
30, and 60, experimental DP's of 31 and 5 8 were observed. The PDI' s measured were 1.28 
and 1.45 for DP's 30 and 60, respectively (Figures 2.21 and 2.22). 
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Chiral PHB was synthesized by ROP of (3-butyrolactone. For synthesizing a variety of chiral 
poly(hydroxyalkanoates) (PHAs), (3-butyrolactone with side chains containing different 
functional groups need to be synthesized. As it is known that four-membered rings are not 
very stable, it is very difficult to synthesize a library of four-membered lactones with side 
chain containing functional groups like halogen, ester, alkyl, and, alkynyl. To overcome this 
problem, we report a chemoenzymatic approach to the synthesis of chiral 
poly(hydroxyalkanoates) (PHAs). 
Conclusion 
A novel method for the synthesis of biomimetic polymers analogous to natural PHB 
polyester produced by enzymes in living organisms is presented. The polymerization 
proceeds with the retention of configuration and can be accomplished using triflic acid as a 
catalyst without a metal species present and with methanol as an initiator in an aprotic 
solvent. Triflic acid in acetonitrile with water could also serve to depolymerize this polymer 
to produce chiral ~i-hydroxyalkanoic acid building blocks. In addition to serving as a soluble 
substrate to study the enzymes involved in degrading this class of polymers, this synthetic 
PHB could be used for medical applications, for example drug delivery systems, nerve repair, 
and guided bone regeneration (Williams 2001). 
Experimental 
All reagents were bought from Aldrich (Milwaukee, WI) and used as received except as 
noted below. (3-Butyrolactone was purified as previously described (Kurcok 2002). Methanol 
was distilled over calcium hydride. L-lactide was purified by sublimation at 92 °C/2 torn. 
Other solvents were purified by standard procedures (Armarego 1996). Purification by flash 
column chromatography was performed on Selecto Scientific silica gel (32-63). The 
commercial natural poly((3-hydroxybutyric acid) for hydrolysis was purchased from Aldrich. 
Optical rotations were measured using sodium D line on a Jasco DIP-370 digital polarimeter. 
1H and 13C NMR were taken on a Varian VXR-300. Molecular weights, relative to 
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polystyrene, were measured using a Waters gel permeation chromatography (GPC) system 
consisting of Waters 510 pump, Waters 717p1us autosampler, and a Water 410 refractive 
index detector. The measurements were taken at 40 °C with THE as mobile phase on four 




OH" v t0" v ~~JMe 
Synthesis of Poly(3-hydroxybutyrate). 
An oven dried round bottom flask equipped with a stir bar and sealed with a septum was 
purged with nitrogen. (3-Butyrolactone (500 mg, 5.81 mmol), triflic acid (8.67 µl, 0.098 
mmol, for DP=30), and methanol (7.88 ml, 0.195 mmol) were added to the round bottom 
flask containing toluene (5 mL) and the mixture was stirred at 35 °C. The mixture was 
poured into water and extracted with chloroform (3 x 20 mL). The organic layer was washed 
with sodium bicarbonate, water and brine and then dried over magnesium sulfate. The 
solvent was removed under reduced pressure and the polymer was isolated as a colorless gel. 
Conversion = 97% 
lei NMR (300 MHz, CDC13). S 1.26-1.29 (m, 3H), 2.42-2.64 (m, 2H), 3.68 (s), 4.2 (br s), 
5.22-5.28 (m, 1H). 
- O 
O ~` R in 
OH O 
OMe 
Synthesis of Methyl (R)-3-hydroxybutyrate 
A mixture of PHB (5 g) and DCE (35 ml) was refluxed until PHB dissolved. The solution 
was cooled to approximately 40 °C and methanol (35 ml) was added followed by sulfuric 
acid (1 ml). The reaction mixture was refluxed for 52 h. It was then quenched with 10 ml 
brine/water (1.1). The organic layer was separated and the aqueous layer was extracted with 
3 x 40 ml chloroform. The combined organic layer was washed with sodium bicarbonate, 
brine, and then dried over MgSO4. The solvent was removed under reduced pressure and the 
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crude product was purified by flash column chromatography on silica gel using 30% ethyl 
acetate/hexane to yield 5.04 g of methyl (R)-3-hydroxybutyrate as yellow oil. 
Yield = 60% 
iH NfMR (300 l~7Hz, CDC13). b 1.23 (d, 3H, .T=6.6 Hz), 2.46 (two dd, 2H, J=8.4 Hz, J=3.9 
Hz), 2.85 (br s, 1 H), 3.71 (s, 3H), 4.16-4.22 (m, 1 H). 
OH O OH O 
~OMe ~ ~OH 
Synthesis of (R)-3-hydroxybutyric acid 
To a solution of methyl (R)-3-hydroxybutyrate (1.0 g, 8.5 mmol) in methanoUwater (30 ml, 
10 ml) was added LiOH (1.8 g, 42 mmol). The reaction mixture was stirred at 4 °C for 22 
hrs. Methanol was removed under reduced pressure and the mixture was acidified using 
conc. HCI. The aqueous layer was extracted with 3 x 30 ml ethyl acetate. The combined 
organic layer was washed with brine and dried over MgSO4. The solvent was removed under 
reduced pressure and the crude product was purified by flash column chromatography on 
silica gel using 60% ethyl acetate/hexane to yield 825 mg of the acid as a yellow oil. 
Yield = 96% 
1H NfMR (300 l~7Hz, CDC13). b 1.27 (d, 3H, J--6.3 Hz), 2.53 (two dd, 2H, J=8.1 Hz, .I=4.2 










Synthesis of (R)-~-butyrolactone 
A mixture of racemic (3-butyrolactone (5.0 g, 46 mmol), PPL (5.0 g) and acetone (50 ml) was 
stirred at 35 °C. After 6 days, the lipase was filtered off and washed with ether (20 ml) and 
the combined filtrate and washing were evaporated. The residue was fractionally distilled to 
afford (R)-(3-butyrolactone (1.6 g) as clear oil. 
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Yield = 32% 
[a]o in CHC13 (c 4.3). +22.5 (94% ee). 
iH N~1VIR (300 I~'IHz, CDC13). b 1.58 (d, 3H, J=6.0 Hz), 3.06 (dd, 1H, J=4.2 Hz), 3.56 (dd, 
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Polymerization of L-lacide 
To an oven dried round bottom flask equipped with a stir bar was added L-lactide (444 mg, 
3.08 mmol), sealed with a septum and was purged with nitrogen. Triflic acid (4.60 µl, 0.052 
mmol, for DP = 30), methanol (4.00 µL, 0.103 mmol), and toluene (5 ml) were added to the 
round bottom flask and the mixture was stirred at 50 °C for 14 h. The solvent was removed 
under reduced pressure and the resulting solid was suspended in methanol (10 ml) for 30 min 
to dissolve triflic acid and any oligomers present. It was then filtered and the white solid was 
washed with methanol (2 x 5 ml). Poly(L-lactide) was obtained as a white powder. 
Conversion = 92% 




Direct Degradation of PHB 
A mixture of poly(hydroxybutyrate) (1.48 g) and dichloroethane (15 mL) was heated at 
reflux until the poly(hydroxybutyrate) completely dissolved. The solution was cooled to 40 
°C and acetonitrile (15 mL) was added followed by triflic acid (0.47 mL) and water (2 mL). 
The solution was refluxed for 70 h. The reaction was quenched with brine/water (1.1, 15 mL) 
and the organic layer was removed. The aqueous layer was extracted with chloroform (3 x 50 
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mL) and the combined organic layers were washed with brine (10 mL) and dried over 
magnesium sulfate. The solvent was removed under reduced pressure and the resulting crude 
mixture was purified by flash column chromatography (silica gel, 30°Io ethyl acetate/hexane) 
to yield (R)-3-hydroxybutyric acid (1.3 g, 88% conversion) as yellow oil. 
1H NMR (300 MHz, CDC13). S 1.28 (d, 3H, J=4.8 Hz), 2.42-2.52 (m, 2H), 4.18-4.25 (m, 
1H), 7.79 (br s, 1H). 
13C NMR (75 MHz, CDC13). S 22.6, 42.8, 64.6, 178. 
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Figure 2.9. 'H NMR of methyl (R)-3-hydroxybutyrate. 
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Figure 2.10. 1H NMR of (R)-3-hydroxybutyric acid. 
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Figure 2.11. 'H NMR of (R)-(3-butyrolactone. 
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Figure 2.13. iH NMR of (R)-3-hydroxybutyric acid from direct degradation of PHB. 
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Figure 2.14. 13C NMR of (R)-3-hydroxybutyric acid. 
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GEL PERMEATION CHROMATOGRAM 
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Peak No Mp Mn Mw Mz Mz+1 My PD 
1 3341 3294 3569 3901 4277 3523 1.08349 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
{mins) {mins) {mins) {mV} (mV.secs) 






















 ,s 1 e8 







I T T I 1 T 1 I I I I 1 I 1 I I T T ~ ~1 l T T T l 1 1 I 1 1e1





Peak No Mp Mn Mw Mz Mt+1 My PD 
1 4724 4669 5228 5913 6722 5134 1.11973 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
{mins) {mins) {mins} {mV) {mV.secs) 
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CHAPTER 3. SYNTHESIS OF (R)-3-HYDROXYDECANOIC ACID 
Introduction 
(R)-3-hydroxyalkanoic acids represents an important class of biologically active compounds 
often found in lipopeptides exhibiting antimicrobial, insecticidal, and antiviral activities 
(Burke 1999, Peypoux 1999). (R)-3-hydroxyhexanoic and (R)-3-hydroxyoctanoic acid have 
been prepared from the corresponding 3-ketoalkanoic acids by microbial reduction using 
Saccharomyces cerevisae (Utaka 1990). Despite adequate yields, most of these processes 
require expensive starting compounds or complex multi-step reactions that entail high 
production costs. 
(R)-3-hydroxyalkanoic acids can be widely used as chiral building blocks for the synthesis of 
fine chemicals such as antibiotics, vitamins, aromatics, and pheromones (Chiba 1985, 
Seebach 1987). These acids contain a chiral center that can be used to synthesize new 
compounds; they also contain two functional groups (OH and COOH), which aze relatively 
easy to modify. Unfortunately, preparation of enantiomerically pure (R)-3-hydroxyalkanoic 
acids by chemical synthesis is difficult and not economical. 
Chiral (3-hydroxy acids could be synthesized in three way: 1) using a chiral starting material 
(Huang 1998, Matsuyama 1999); 2) stereoselective reduction with chiral reducing agent for 
example, oxazaborolidines and BH3.SMe2 (Bach 1998); 3) aldol reaction (Evans 1981). 
There are limitations attached with the use of chiral reducing agents and Evans asymmetric 
methodology. Chiral reducing agents like boranes do not tolerate a wide range of 
functionalities. On other hand Evans methodolgy requires a substituent (like methyl) alpha to 
the acid for stereoselective aldol reaction. Matsuyama in 1999 reported a strategy for the 
synthesis of (3-hydroxy acids where they started with a (S)-epichlorohydrin, did a Grignard 
reaction for chain elongation, and carried the stereochemistry all the way to produce final 
acid product in five steps. The problem with this reaction scheme is that the Grignard 
reaction is used in the first step, which would make the synthesis of a library of chiral (3-
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hydroxy acids cumbersome. Another strategy for the synthesis of chiral (3-hydroxy acids was 
reported by Hollingsworth and coworkers where they used (S)-3-hydroxy-y-butyrolactone as 
the source of chirality (Huang 1998). Although the synthesis is elegant, the use of Grignard's 
reagent limits the number of functionalities that could be introduced into the side chain of 
chiral (3-hydroxy acids. Keeping in mind the methods available for the synthesis of optically 
active (3-hydroxy acids and their limitations, we focused our attention in developing a simple 
route where a chain elongation step would be used later in the reaction scheme to make the 
chiral (3-hydroxy acids found in nature synthetically more accessible. 
Here, we report a synthetically viable route for the synthesis of a small library of (R)-3-
hydroxyalkanoic acids (Figure 3.2). 
Results and Discussion 
The goal of this project was to design a synthetically viable route to make a library of 
enantiomerically pure (3-hydroxy acids, which would be polymerized to produce chiral 
poly(hydroxyalkanoates). Chiral (3-hydroxy acids can be synthesized by using either a chiral 
reagent in one of the steps or by starting with a chiral compound. We took the later approach 
where we started with a chiral compound and carried the stereochemistry all the way to the 
final product. 
Retrosynthetic Analysis 
O OH O OH O OBn 
HO" v v R
2  \ Me~N~R2 ~ Me
~N" v `CHO 
OMe OMe 
I it III 




The principal disconnections for the retrosynthetic analysis used are illustrated in Figure 3.1. 
Compound I could be obtained by basic hydrolysis of compound I1. The key connection in 
this strategy is the C-C bond formation using a Wittig reaction, where different Wittig salts 
could be used to obtain a small library of chiral (3-hydroxyalkanoic acids. Compound II could 
be obtained by Wittig reaction of aldehyde I11 followed by hydrogenation of the double bond 
and deprotection of benzyl group. Compound III could be made by ring opening of the benzyl 
protected (S)-3-hydroxy-y-butyrolactone IV with Weinreb's amine followed by oxidation of 
the primary alcohol to the corresponding aldehyde. 
Synthesis 
(S)-3-hydroxy-~y-butyrolactone purchased from Synthon Chirogenics Corporation allowed the 






0°C, 12 h, 71 
OH 
(MeO)MeNH.HCI 
 ~ MeO, N Me3Al, Benzene I
OBn r.t., 20 h, 58% 
O OBn 
" _ CH3(CH2)5Ph3PBr 
CHO KHMDS, r.t., 10 h, 
86%, over 2 steps 
2N KOH 
  McO,N
r.t, 4 d, HO 
71% 
Figure 3.2. Synthesis of (R)-3-hydroxydecanoic acid. 
OBn py.SO3, Et3N 
~. ,OH  
H2, Pd-C 
DMSO, r.t., 3 h 
r.t., 10 h 
95% 
The hydroxyl group of the chiral lactone was protected with benzyl group under acidic 
conditions. The protecting group was chosen for its stability under strong basic and acidic 
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conditions. The lactone ring was then opened using N,O-dimethylammonium hydrogen 
chloride as the nucleophile via the Weinreb protocol (Schmitz 1998) to give Weinreb's 
amide in 58°Io yield. The low yield obtained in this reaction was in part due to the difficulty 
of removing the coordinated aluminum complex in the acidic work-up. The alcohol was then 
oxidized to the corresponding aldehyde, which was subjected to the Wittig reaction 
conditions without purification. Reduction of the double bond and deprotection of the benzyl 
group was performed in one pot using Pd/C as catalyst under H2 gas atmosphere. The ~i-
hydroxyamide was then hydrolyzed with 2N KOH to produce (R)-3-hydroxydecanoic acid as 
a white solid in 71 °Io yield. 
Conclusion 
(R)-3-hydroxydecanoic acid was synthesized in good yield and high enantiomeric excess. 
Most of the reactions were high yielding. The key feature of this strategy is Wittig reaction 
where different Wittig salts could be used to introduce wide range of functionalities for 
example, ester, halogen, epoxy etc. in the side chain and thus a library of enantiomerically 
pure (R)-3-hydroxyalkanoic acids could be made. 
Experimental 
All reagents were purchased from Aldrich (Milwaukee, WI) and used as received except. 
Solvents were purified by standard procedures (Armarego 1996). Unless otherwise indicated, 
reactions were carried out under nitrogen atmosphere in oven-dried glassware. Reactions 
were monitored by thin layer chromatography (TLC) on EM Science 250 µm precoated silica 
gel plates (60 F254). TLC plates were visualized with potassium permanganate stain. 
Purification of products was performed by flash column chromatography on Selecto 
Scientific silica gel (32-63) and HPLC grade solvents. Optical rotation was measured using 
sodium D line on a Jasco DIP-370 digital polarimeter. 1H and 13C NMR were taken on a 
Varian VXR-300 and VXR-400. 
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PhCH2OH + C13CCN 
NH 
PhCH2O~CCl3
Synthesis of benzyltrichloroacetimidate (Pati11996) 
To the benzyl alcohol (6.00 g, 55.6 mmol) in dichloromethane (60 ml) was added 50% 
aqueous KOH (60 ml) followed by n-Bu4N+HSO4 (95.0 mg, 0.005 mmol) and the resulting 
mixture was stirred vigorously at -15 °C to -10 °C. After 5 min, C13CCN (6.70 ml, 66.7 
mmol) was added dropwise. The resulting mixture was further stirred for 30 min and then 
allowed to warm to room temperature in the next 30 min. The organic layer was separated 
and the aqueous layer was further extracted with dichloromethane (2 x 50 ml). The combined 
extracts were dried over magnesium sulfate and concentrated under reduced pressure to 1/3 
volume, then filtered through a celite pad. The filtrate was concentrated to yield 13.7 g of 
benzyltrichloroacetimidate as yellow oil. 
Yield = 98% 
1H NMR (300 MHz, CDC13). S 5.33 (s, 3H), 7.32-7.44 (m, SH), 8.39 (br s, 1H). 
OH OBn 
Synthesis of (S)-3-benzyloxy-y-butyrolactone (Bernardi 1990) 
To a solution of lactone (2.50 g, 24.5 mmol) in dichloromethane (100 ml) and cyclohexane 
(50 ml) at 0 °C was added benzyltrichloroacetimidate (13.7 g, 54.0 mmol) followed by 
dropwise addition of trifluoromethanesulfonic acid (0.870 ml, 9.80 mmol). The resulting 
mixture was stirred for 5 h as the white precipitate formed. Hexane (50 ml) was then added to 
the reaction mixture the solution filtered. The filtrate was washed with saturated sodium 
bicarbonate (20 ml) followed by brine. The organic layer was dried over magnesium sulfate 
and the solvent was removed under reduced pressure. The crude product was purified by 
flash column chromatography using 30°Io ethyl acetate/hexane to yield 3.50 g of the protected 
lactone as yellow oil. 
Yield = 74% 
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1H NMR (300 MHz, CDC13). S 2.65-2.67 (m, 2H), 4.34-4.54 (m, 3H), 4.53 (s, ZH), 7.29-7.26 
(m, SH). 
O OBn 
MeO, _ . ~ ice. ,OH 
OBn 
Synthesis of (S)-3-benzyloxy- N,O-dimethyl-4-hydroxybutyramide (Schmitz 1998) 
N,O-dimethylhydroxylamine hydrochloride (3.30 g, 34.0 mmol) was dissolved in 
dichloromethane (50 ml) and cooled to 0 °C. Trimethyl aluminum (17 ml, 2M in hexane, 
34.0 mmol) was added dropwise and the resulting solution was allowed to warm to room 
temperature and stirred for 1 hr. The mixture was then recooled to -15 °C and a solution of 
lactone (3.10 g, 16.2 mmol) in dichloromethane (5 ml) was added slowly. The mixture was 
allowed to warm to room temperature and stirred for 6 h. The reaction was quenched by 
adding aqueous HCl (20 ml, 2N). The aqueous layer was extracted with dichloromethane (3 x 
40 ml). The combined extracts were washed with brine (30 ml) and then dried over 
magnesium sulfate. The solvent was removed under reduced pressure and the crude product 
was purified by flash column chromatography using 60% ethyl acetate hexane to yield 2.36 g 
of the desired product as yellow oil. 
Yield = 58% 
iH NMR (300 MHz, CDC13). b 2.51 (t, 1H, J=6.3 Hz), 2.61-2.69 (dd, 1H, J=6.3 Hz), 2.83-
2.92 (dd, 1H, J=5.7 Hz), 3.18 (s, 3H), 3.58-3.66 (m, 4H), 3.73-3.76 (m, 1H), 4.03-4.07 (m, 
1H), 4.57-4.66 (dd, 2H, J=11.7 Hz, J=3.9 Hz), 7.23-7.34 (m, SH). 
O OBn 
MeO, OH > MeO, N 




Synthesis of (S)-3-benzyloxy-N,O-dimethyldec-4-ene-l-amide 
To a solution of alcohol (l.11 g, 4.39 mmol) in DMSO (40 ml) was added triethylamine 
(2.50 ml, 18.0 mmol) followed by Py. S03 (1.47 g, 9.22 mmol). The resulting mixture was 
stirred at room temperature for 2.5 h. It was then diluted with ethyl acetate (50 ml) and 
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poured into water (15 ml). The organic layer was separated and the aqueous layer was 
extracted with ethyl acetate (3 x 50 ml). The combined organic extracts were washed with 2N 
HCI (20 ml), brine (20 ml), and then dried over magnesium sulfate. The solvent was removed 
under reduced pressure to the crude product. NMR showed formation of aldehyde. The crude 
product was immediately subjected to the Wittig reaction conditions. 
To a solution of n-hexyltriphenylphosphonium bromide (492 mg, 1.15 mmol) in toluene (10 
ml) at 0 °C, K~IlVIDS (2.20 ml, 0.5 M, 1.05 mmol) was added dropwise over a period of 5 
min. It was stirred for another 15 min and then cooled to -78 °C and aldehyde (240 mg, 0.956 
mmol) was added to it. The resulting yellow solution was stirred at room temperature for 1 h 
and the reaction was quenched with saturated ammonium chloride (5 ml). The aqueous layer 
was extracted with ether (3 x 20 ml). The combined extracts were washed with 2N HCl (10 
ml), brine (10 ml), and then dried over magnesium sulfate. The solvent was removed under 
reduced pressure and the crude product was purified by flash column chromatography using 
12% ethyl acetate/hexane to yield 261 mg of the Wittig product as yellow oil. 
Yield = 86% 
iH l~fMR (300 MHz, CDC13). b 0.88 (t, 3H, J=6.6 Hz), 1.28-1.36 (m, 6H), 2.07-2.12 (m, 
2H), 2.44-2.51 (dd, 1H, J=5.1 Hz), 2.89-2.97 (dd, 1H, J=8.1 Hz), 3.16 (s, 3H), 3.64 (s, 3H), 
4.39 (d, 1 H, J==11.7 Hz), 4.54 (d, 1 H, J=11.7 Hz), 4.70-4.78 (m ,3H), 5.35-5.3 8 (m ,1 H), 
5.57-5.68 (m, 1H), 7.24-7.31 (m, SH). 
13~ l~(MR (75 MHz, CDC13). b 14.20, 22.77, 27.98, 29.58, 31.73, 61.51, 70.49, 71.55, 
127.59, 127.90, 127.91, 128.44, 128.55, 128.63, 129.12, 129.13, 129.57, 134.80, 138.97, and 
173.2. 
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MeO, N  ~ HO 
I 
Synthesis of (S)-3-hydroxydecanoic acid 
O OBn O OH 
MeO, /  > MeO, ~~ N ~ N I 4 ~ 
Synthesis of (S)-3-hydroxy-N,O-dimethyldecanamide 
A mixture of amide 11 (45 mg, 0.14 mmol) and 5% PdIC (34 mg) in ethanol was stirred at 
room temperature under an atmosphere of hydrogen for 10 h. It was then filtered through a 
celite pad. The filtrate was concentrated and the crude product was purified by flash column 
chromatography using 15% ethyl acetate/hexane to yield 31 mg of the desired product as 
clear oil. 
Yield = 97% 
iH NMR (300 MHz, CDC13). S 0.88 (t, 3H, J=6.6 Hz), 1.24-1.62 (br m, 12H), 2.38-2.49 (m, 
1H), 2.63-2.72 (m, 1H), 3.20 (s, 3H), 3.69 (s, 3H), 3.95-4.04 (m, 1H). 
0 off o off i~ 
To a solution of amide 12 (18.0 mg, 0.078 mmol) in methanol (1 ml) was added 2N KOH 
(17.5 mg, 0.312 mmol). The resulting mixture was stirred at room temperature for 5 days. It 
was then acidified using Dowex resin and filtered off. The filtrate was concentrated and the 
crude product was purified by flash column chromatography using 40% ethyl acetate/hexane 
to yield 10 mg of the desired acid as white solid. 
Yield = 71% 
iH NfMR (400 ~ZHz, CDC13). b 0.87 (t, 3H, J=6.8 Hz), 1.24-1.58 (br m, 12H), 2.43-2.59 (two 
dd, 2H, J=8.8 Hz, J=3.2), 4.01-4.05 (m, 1 H). 
13C l~fMR (100 l~~IHz, CDC13). b 14.35, 22.89, 25.69, 29.44, 29.48, 32.03, 36.74, 41.26, 
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Figure 3.4. 1H NMR of (S)-3-benzyloxy-y-butyrolactone. 
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Figure 3.5. 1H NMR of (S)-3-benzyloxy- N,O-dimethyl-4-hydroxybutyramide 
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Figure 3.8. iH NMR of (S)-3-hydroxy-N,O-dimethyldecanamide. 
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Figure 3.9. 1H NMR of (R)-3-hydroxydecanoic acid. 
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Figure 3.10. 13C NMR of (R)-3-hydroxydecanoic acid. 
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CHAPTER 4. SYNTHESIS OF RACEMIC (3-HYDROXYTHIOESTERS ENROUTE 
TO THE SYNTHESIS OF CHIRAL (3-HYDROXY ACIDS VIA DEGRADATION OF 
CHIRAL POLY(HYDROXYALKANOATES) (PHAs) 
Introduction 
Poly(hydroxyalkanoates) (PHAs) are a class of naturally occurring polyesters that are 
produced by a wide variety of different microorganisms. Although they are derived 
biologically, the structures of these polymers bear a fairly close resemblance to some of the 
synthetic absorbable polymers currently used in medical applications. Owing to their limited 
availability, the PHAs have remained largely unexplored, yet these polymers offer an 
extensive range of properties that extend far beyond those currently offered by their synthetic 
counterparts. 
Optically active (3-hydroxy carboxylic acids are an extremely important class of compounds 
for natural product synthesis. Access to such compounds has so far relied mainly on 
biological or biochemical transformations (Sih 1984, Seebach 1982). 
Aldol Reaction 
Traditionally, it is the acid- or base-catalyzed condensation of one carbonyl compound with 
the enolate/enol of another, which may or may not be the same, to generate a ~-hydroxy 
carbonyl compound an aldol. The aldol reaction, usually carried out in protic solvents with 
base or acid as catalyst, is one of the most versatile methods in organic synthesis (Nielsen 
1968). By application of this reaction a great number of aldols and related compounds have 
been prepared from various carbonyl compounds. However, because of difficulty in directing 
the coupling, the conventional method has serious synthetic limitations. This is particularly 
notable when two different carbonyl compounds are used in across-coupling; the reaction is 
often accompanied by undesirable side reactions such as self-condensation and 
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polycondensation. The synthetic limitation arises because the reaction is reversible and 
cannot be driven to completion if the aldol is less stable than the parent carbonyl compounds. 
During the last two decades new methods have been developed for the directed coupling of 
two different carbonyl compounds to give specific carbon-carbon bond formation between 
the a-carbon atom of one carbonyl compound and the other carbonyl component to produce a 
desired cross-aldol (Wittig 1963). These methods provide regiospecific reactions for forming 
carbon-carbon bonds and allow the synthesis of a wide variety of aldols by directed self- or 
cross-coupling (Figure 4.1). 
R4R5C0 
M = Li, Mg, Zn, B, AI, Si 
H2O  4 OH O ~► R~ I I I 
R5
R 
Figure 4.1. Directed Aldol Reaction 
R3
R2
The success of the reaction depends on effective interception of the aldol-type adduct by 
formation of a stable six-membered chelate. This interception can be achieved by reaction of 
a carbonyl compound with a suitably reactive metal enolate or enol ether that is derived 
regioselectively from the other carbonyl compound. Reaction of a carbonyl compound with 
lithium enolates or preformed lithio derivatives with imines is a typical method used for 
preparation of crossed aldols, even though the reaction is carried out under strongly basic 
conditions. 
These directed aldol reactions provide efficient methods for the regiospecific formation of 
new carbon-carbon bonds and can be used for the preparation of key intermediates in the 
synthesis of important natural products. 
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The stereochemical outcome of the reaction is generally rationalized in terms of the geometry 
of the starting enolate and reaction conditions (kinetic control or thermodynamic control) 
(Mukaiyama 1982). Mukaiyama has used boron enolates to produce wide variety of aldols 
(Mukaiyama 1982). 
The development of chiral enolates which participate in highly stereoregulated aldol 
condensation has been a challenge. The control of both reaction diastereoselection and 
enantioselection was achieved by Evans and coworkers (Evans 1981) (Figure 4.2) where he 
used chiral 2-oxazolidones to induce chirality at the reaction site and thus produce chiral a-
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Figure 4.2. Evans asymmetric synthesis of a-substituted (3-hydroxy acids. 
Access to chiral ~i-hydroxy acids was achieved by replacing the a-methyl group with —SMe 
group, which was then desulfurized by using Raney nickel. Evans chiral auxiliaries have 
been widely used in the synthesis of natural products and biologically active compounds 
(Sheppeck 1997, Chakraborty 2001). 
Here, we report a methodology to synthesize a library of racemic (3-hydroxy thioesters using 
aldol reaction to test if PHA synthase could be used for chiral resolution. 
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Results and Discussion 
A small library of racemic ~3-hydroxy thioesters was synthesized using the aldol reaction 
(Figure 4.3). 
~ Et3N, CH2C12 ~ 
+ SH  ~ 




Figure 4.3. Synthesis of racemic (3-hydroxy thioesters. 
When butane thiol was treated with triethylamine followed by acetyl chloride, n-
butylthioacetate was obtained in 92% yield. This compound was then treated with different 
aldehydes to obtain a small library of racemic ~3-hydroxy thioesters (Table 4.1). The 
advantage of this methodology is that the aldol reaction tolerates a wide range of 
functionalities. Using this methodology, a wide range of ~i-hydroxy thioesters containing 
functional groups like alkyl, halogen, ester, and alkynyl found in chiral ~3-hydroxy acids from 
natural origin were synthesized. 
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These racemic (3-hydroxy thioesters would be used as substrates for the enzyme PHA 
synthase from Pseudomonas aeruginosa to produce poly[(R)-3-hydroxyhydroxyalkanoates] 
(PHAs). We think the enzyme would form chiral PHAs from racemic substrates because 
PHA synthase has sequence homology to lipases, which are known to do chiral resolution. 
Moreover, only R-configuration at the chiral center should be obtained as PHAs from natural 
origin are all R-configuration. These chiral PHAs would then be degraded chemically to 
produce enantiomerically pure ~i-hydroxy acids (Figure 4.4). 
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HOB  v ~OH R 
Degradation 
0 
Figure 4.4. Synthesis of (R)-3-hydroxy carboxylic acids. 
The stereochemistry of the ~3-hydroxy acids could be ascertained by chiral GC ananlysis. 
Chiral PHAs could be degraded chemically to form corresponding methyl esters. The 
retention time of these methyl esters could be measured on a chiral GC column. We have 
already established the GC conditions to separate methyl esters of racemic ~3-hydroxy acids. 
The methyl esters of racemic (3-hydroxy acids and the methyl esters produced after 
degradation of chiral PHAs would be shot on a chiral GC column to find out the predominant 
enantiomer. 
Chiral GC Analysis 
~3-Cyclodextrin dimethyl (B-DM} was used as stationary phase in the chiral separation. 
Because cyclodextrin derivatives are stable, high boiling liquids, they make effective 
stationary phases for gas-liquid chromatography. The fact that there are three different size 
cyclodextrins (a, ~ and y) allows one to separate a wide variety of different size analyzes. 
Selectivity of these phases is a function of the derivative, the degree of derivatization as well 
as the position of the derivative on the cyclodextrin. B-DM is a general purpose column. The 
selectivity of this phase covers linear and cyclic amines and alcohols, carboxylic acids, 
lactones, amino alcohols, sugars, bicyclics, epoxides, haloalkanes, aromatic and cyclic 
hydrocarbons, and more. 
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Racemic ~3-hydroxythioesters were converted into the corresponding methyl esters by 
transesterification using NaOMe in methanol (Figure 4.5) (Table 4.2). 
off o 
R 
NaOMe, McOH OH O 
S-n-Bu r.t., overnight R' v  'OMe 
Figure 4.5. Synthesis of methyl 3-hydroxy-alkanoates. 
Table 4.2. Transesterification of thioesters. 



































S-n-Bu Me02C' v  v v OMe 
The products from Table 4.2 were shot on a Chiraldex B-DM column. At first, a temperature 
gradient was run to find out the temperature at which the compound elutes. Different column 
oven temperatures ranging from 50 °C to 105 °C were tried for separation of the enantiomers. 
Enantiomers of all the compounds mentioned in Table 4.2 were successfully separated (Table 
4.3). The gas chromatograms showed 1.1 mixture of two enantiomers. 
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Aldol reaction methodology produced racemic ~i-hydroxythioesters containing wide range of 
functionalities. The enantiomers of (3-hydroxyalkanoic acid methyl esters were successfully 
separated on a chiral B-DM column. 
Experimental 
All reagents were purchased from Aldrich (Milwaukee, WI) and used as received except as
noted below. Aldehydes were distilled over calcium hydride before use. Other solvents were 
purified by standard procedures (Armarego 1996). Unless otherwise indicated, reactions were 
carried out under nitrogen atmosphere in oven-dried glassware. Reactions were monitored by 
thin layer chromatography (TLC) on EM Science 250 µm precoated silica gel plates (60 
71 
F254). TLC plates were visualized with potassium permanganate stain. Purification of 
products was performed by flash column chromatography on Selecto Scientific silica gel (32-
63) and HPLC grade solvents. 'H and 13C NMR were taken on a Varian VXR-300. 
Gas Chromatography Conditions 
Gas Chromatograph. HP 5890 Series II 
Head Pressure. 80 kPa 
Aux. Gas (nitrogen). 30 cc/min 
He. 80 cc/min 
Split. 50.1 
Injector Oven Temperature. 200 °C 
Detector Oven Temperature. 250 °C 
Chiral Column Information. 
Chiraldex Capillary GC Column 
Beta Cyclodextrin Dimethyl (B-DM) 
20mx0.25mm 
0 
~ci ~~sH  
Synthesis of n-butylthioacetate 
A solution of butanethiol (5.00 g, 55.4 mmol) in dichloromethane (20 ml) was cooled to 0 °C 
and triethylamine (23.0 ml, 166 mmol) was added dropwise followed by the addition of 
acetyl chloride (5.90 ml, 83.1 mmol). The reaction mixture was allowed to warm to room 
temperature and stirred overnight. The reaction was quenched by the addition of water and 
the aqueous layer was extracted with ether (3 x 40 ml). The combined organic layer was 




sulfate. The crude product was distilled at 40 °C under high vacuum to yield n-
butylthioacetate (6.5 g) as clear oil. 
Yield = 89% 
1H NMR (300 MHz, CDC13). S 091 (t, 3H, J=7.2 Hz), 1.34-1.41 (m, 2H), 1.49-1.59 (m, 2H), 
2.32 (s, 3H), 2.87 (t, 2H, J=7.2 Hz). 
O OH O 
S-n-Bu 3 S-n-Bu 
Synthesis of n-butyl3-hydroxythiooctanoate 
To a stirred solution of diisopropylamine (588 mg, 5.81 mmol) in THE (8 ml) at -78 °C was 
added n-BuLi (2.5 M in hexane, 2.3 ml) dropwise and stirred at the same temperature. After 
30 min at -78 °C, n-butylthioacetate (591 mg, 4.47 mmol) in THE (2 ml) was added dropwise 
and stirred at 0 C for 1 h. The mixture cooled again to -78 °C and hexaldelyde (493 mg, 4.92 
mmol) in THE (2 ml) was added dropwise and stirred at the same temperature for 1 h. The 
reaction was then quenched with saturated ammonium chloride (6 ml) and the aqueous layer 
was extracted with ether (3 x 20 ml). The organic layer was washed with saturated sodium 
chloride (15 ml) and dried over magnesium sulfate. The organic layer was concentrated and 
the product was purified by flash column chromatography (4% ethyl acetate in hexane) to 
yield the corresponding acetate aldol product as yellow oil. 
iH NMR (300 MHz, CDC13). b 0.90-0.84 (m, 6H), 1.33-1.56 (br m, 12H , 2.57-2.72 two dd 
2H, J=8.1 Hz, ,I=3.9 Hz), 2.85 (t, 2H, J=7.2 Hz), 3.95-4.05 (m, 1H). 
13CN(MR (75 MHz, CDC13). S 13.74, 14.20, 22.12, 22.68, 22.77, 25.29, 28.83, 31.68 36.74 
50.95, 68.90, and 199.85. 






Synthesis of n-butyl 3-hydroxythiohexanoate 
iH ~~MR (300 l~~-Iz, CDC13). ~ 0.89-0.94 (m, 6H), 1.43-1.61 (br m, 8H), 2.60-2.77 (two dd, 
2H, J=8.7 Hz, J=3.6 Hz), 2.90 (t, 2H, J=7.2 Hz), 3.95-4.15 (m, 1H). 
13C ~~1VIR (75 l~gIz, CDCl3). b 13.76, 14.13, 18.83, 22.14, 28.85, 31.68, 38.87, 50.94, 68.65, 
and 199.96. 
M+ (EI, 70 eV). 205 
O OH O 
S-n-Bu 2 S-n-Bu 
Synthesis of n-butyl 3-hydroxythioheptanoate 
iH N~MR (300 I~~-Iz, CDC13). S 0.85-0.91 (m, 6H), 1.28-1.56 (br m, l OH), 2.60-2.74 (two dd, 
2H, J=8.4 Hz, J=3.6 Hz), 2.87 (t, 2H, J=7.2 Hz), 3.96-4.10 (m, 1H). 
13C NfMR (75 MHz, CDC13). b 13.76, 14.20, 22.13, 22.77, 27.77, 28.86, 31.68, 36.44, 50.90, 
68.95, and 200.00. 
1VI~ (EI, 70 eV). 219 
O OH O 
S-n-Bu S-n-Bu 4 
Synthesis of n -butyl 3-hydroxythiononanoate 
iH NfMR (3001~~-Iz, CDC13). S 0.85-0.94 (m, 6H), 1.37-1.61 (br m, 14H), 2.60-2.77 (two dd, 
2H, J=8.4 Hz, J=3.6 Hz), 2.89 (t, 2H, J=7.2 Hz), 3.96-4.10 (m, 1 H). 
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13C rJMR (75 MHz, CDC13). ~ 13.72, 14.23, 22.11, 22.76, 25.57, 28.80, 29.35, 31.67, 31.94, 
36.78, 50.99, 68.86, and 199.76. 
M+ (EI, 70 eV). 247 
O OH O 
S-n-Bu 5 S-n-Bu 
Synthesis of n -butyl 3-hydroxythiodecanoate 
iH N~1VIR (300 I~~-Iz, CDC13). b 0.79-0.88 (m, 6H), 1.21-1.55 (br m, 16H), 2.56-2.71 (two dd, 
2H, J=8.1 Hz, J=3.9 Hz), 2.83 (t, 2H, J=7.2 Hz), 3.90-4.05 (m, 1H). 
13C NfMR (75 MHz, CDC13). b 13.71, 14.24, 22.10, 22.79, 25.61, 28.79; 29.30, 29.65, 31.68, 
31.97, 36.79, 51.00, 68.85, and 199.70. 





Synthesis of n-butyl 3-hydroxy-5-methylthiohexanoate 
iH NfMR (300 MHz, CDC13). S 0.85-0.91 (m, 9H), 1.10-1.19 (m, 1H), 1.33-1.55 (m, 5H), 
1.70-1.81 (m, 1 H), 2.57-2.72 (two dd, 2H, J=8.1 Hz, J=3.6 Hz), 2.86 (t, 2H, J=7.2 Hz), 4.05-
4.12 (m, 1 H). 
13C I~~VIR (75 MHz, CDC13).13.75, 22.12, 22.16, 23.45, 24.60, 28.83, 31.68, 45.82, 51.41, 
67.03, and 199.89. 





Synthesis of methyl-6-oxo-hexanoate 
Cyclohexene (581 mg, 7.08 mmol) was dissolved in a 5.1 mixture of 
dichloromethane/methanol (15 ml, 3 ml). Sodium bicarbonate (595 mg, 7.08 mmol) was 
added to the above solution and the mixture was cooled to -78 °C. Ozone was passed through 
the reaction mixture until the solution turned blue. Excess ozone was removed by purging 
nitrogen through the reaction flask. After the removal of solvent, the crude mixture was 
dissolved in dichloromethane (15 ml) and cooled to 0 °C. Triethylamine (3.94 ml, 28.3 
mmol) was added dropwise to the above solution followed by the addition of acetic 
anhydride (1.34 ml, 14.2 mmol). The reaction mixture was allowed to warm to room 
temperature and was stirred overnight. The reaction was quenched by adding water (8 ml). 
The aqueous layer was extracted with ether (3 x 25 ml). The combined organic layer was 
washed with hydrochloric acid (2N, 15 ml), followed by brine (15 ml) and then dried over 
magnesium sulfate. The solvent was removed under reduced pressure and the crude product 
was purified by flash column chromatography using 10% ethyl acetate/hexane to yield the 
desired product (835 mg) as a colorless liquid. 
Yield = 82% 
1H NMR (300 MHz, CDC13). S 1.64-1.69 (m, 4H), 2.31-2.36 (m, 2H), 2.45-2.47 (m, 2H), 
3.67 (s, 3H), 9.76 (t, 1H, J=1.8 Hz). 
O OH O 
S-n-Bu Me02C 3 S-n-Bu 
Synthesis of S-n-butyl methyl 3-hydroxyoctane-1,8-diester 
iH NMR (300 MHz, CDC13). b 0. $6 (t, 3H, J=7.2 Hz), 1.31-1.65 (br m, l OH), 2.27 (t, 2H, 
J=7.2 Hz), 2.57-2.71 (two dd, 2H, .I=8.1 Hz, J=3.9 Hz), 2.84 (t, 2H, J=7.2 Hz), 3.61 (s, 3H), 
3.97-4.05 (m, 1H). 
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13C I~fMR (75 MHz, CDC13). b 13.74, 22.11, 24.89, 25.13, 28.83, 31.65, 34.10, 36.30, 50.92, 
51.69, 68.56, 174.26, and 199.72. 
M+ (EI, 70 eV). 277 
CI ~H ' CI CHO 
Synthesis of 6-chloro-l-hexanal 
To a solution of 6-chloro-l-hexanol (570 mg, 4.17 mmol) in dichloromethane (20 ml) was 
added PCC (1.35g, 6.26 mmol). The reaction mixture was stirred at room temperature for 3 h 
and then it was diluted with ether. The solution was then filtered through a small silica gel 
column. 6-chlaro-l-hexanal (425 mg) was obtained as yellow oil. 
Yield = 77% 
iH l~fMR (300 MHz, CDC13). b 1.45-1.54 (m, 2H), 1.61-1.69 (m, 2H), 1.75-1.84 (m, 2H), 
2.44-2.49 (dt, 2H, J=7.2 Hz, .I=1. S Hz), 3.54 (t, 2H, J=6.6 Hz), 9.77 (t, 1 H, J=1.5 Hz). 
O 
S-n-Bu CI 4 
OH O 
S-n-Bu 
Synthesis of n-butyl S-chloro-3-hydroxythiooctanoate 
1H NfMR (300 MHz, CDC13). ~ 0.89 (t, 3H, J=7.2 Hz), 1.30-1.59 (br m, 1 OH , 1.70-1.81 m, 
2H), 2.59-2.75 (two dd, 2H, J=8.4 Hz, J=3.6 Hz), 2.88 (t, 2H, J=7.2 Hz), 3.98-4.09 (m, 1H). 
13C l~~VIR (75 MHz, CDC13). b 13.76, 22.14, 24.92, 26.93, 28.88, 31.67, 32.69 36.52 45.17 
50.90, 68.73, and 199.92. 
M+ (EI, 70 eV). 267 
77 
OH 
Synthesis of Hex-l-al-5-yne 
To a solution of 1-hydroxyhex-5-yne (554 mg, 5.64 mmol) in dichloromethane (20 ml) was 
added PCC (1.80 g, 8.46 mmol). The reaction mixture was stirred at room temperature for 3 
hrs and then it was diluted with ether. The solution was then filtered through a small silica 
gel column. Hex-l-al-5-yne (438 mg) was obtained as yellow oil. 
Yield = 81 °Io 
nu  ~~~CHO 
iH NMR (300 MHz, CDC13). b 1.75-1.82 (m, 2H), 1.93 (t, 1H, J=2.4 Hz), 2.16-2.22 (dt, 2H, 
J=6.9 Hz, J=2.4 Hz), 2.53 (t, 2H, J=7.2 Hz), 9.72 (s, 1H). 





Synthesis of n -butyl 3-hydroxythiooct-7-yne- l -oate 
1H NMR (300 MHz, CDC13). b 0.89 (t, 3H, J=7.2 Hz), 1.30-1.41 (m, 2H), 1.49-1.69 (m, 6H), 
1.93 (t, 1 H, J=2.7 Hz), 2.18-2.23 (m, 2H), 2.61-2.77 (two dd, 2H, J=8.1 Hz, J=3.6 Hz), 2.88 
(t, 2H, J=7.2 Hz), 3.99-4.09 (m, 1H). 
13C NfMR (75 MHz, CDC13). b 13.77, 18.43, 22.14, 24.56, 28.88, 31.67, 35.58, 50.90, 68.38, 
68.89, 84.30, and 199.86. 






Synthesis of methyl3-hydroxyoctanoate 
To a stirred solution of n-butyl 3-hydroxythiothiooctonoate (40 mg, 0.17 mmol) in methanol 
(3 ml) was added sodium methoxide (46 mg, 0.86 mmol). The reaction mixture was stirred 
overnight at room temperature. The reaction mixture was neutralized with 3N HCl (5 ml) and 
extracted with diethyl ether (3 x 20 ml). The combined organic layers were washed with 
saturated sodium chloride and dried over magnesium sulfate. The solvent was removed under 
reduced pressure. NMR of the crude product showed formation of the desired product. 
iH Nf1VIR (300 l~~IHz, CDC13). S 0.88 (t, 3H, J=6.6 Hz), 0.92-1.51 (br m, 8H), 2.36-2.55 (two 
dd, 2H, J=8.7 Hz, J=3.3 Hz), 
OH O 
 ~ ~ 
S-n-Bu 
Synthesis of methyl 3-hydroxyhexanoate 
OH O 
OMe 
iH l~fMR (300 I~ZHz, CDC13). b 0.87 (t, 3H, J=6.0 Hz), 1.20-1.36 (m, 4H), 2.36-2.55 (two dd, 





Synthesis of methyl 3-hydroxyheptanoate 
1H NMR (300 MHz, CDC13). S 0.87-0.94 (m, 3H), 1.24-1.44 (br m, 6H), 2.60-2.70 (two dd, 




Synthesis of methyl 3-hydroxynonanoate 
OH O 
OMe 
iH r~TMR (300 l~7Hz, CDC13). b 0.93 (t, 3H, J=6.9 Hz), 1.32-1.55 (m, l OH), 2.36-2.55 (two 




Synthesis of methyl 3-hydroxy-5-methylhexanoate 
OMe 
1H I~~MR (300 1~2Hz, CDC13). b 0.90 (d, 6H, J= Hz), 1.15-1.24 (m, 1 H), 1.42-1.53 (m, 1 H), 
1.75-1.82 (m, 1H), 2.35-2.53 (two dd, 2H, J=8.7 Hz, J=3.3 Hz), 3.71 (s, 3H), 4.06-4.10 (m, 
1 H). 
OH O 
CI 3 S-n-Bu CI 




iH N(MR (300 l~ZHz, CDC13). b 1.38-1.55 (m, 6H), 1.73-1.79 (m, 2H), 2.36-2.54 (two dd, 2H, 
.T=8.7 Hz, J=3.6 Hz), 2.90 (br s, 1H), 3.52 (t, 3H, J=6.9 Hz), 3.70 (s, 3H), 3.97-4.02 (m, 1H). 
OH O 
Me02C 3 S-n-Bu Me02C 
Synthesis of 3-hydroxyoctane-1,8-dimethyldiester 
off o 
OMe 
1H NMR (300 MHz, CDC13). S 1.40-1.68 (m, 6H), 2.30-2.52 (m, 4H), 3.64 (s, 3H), 3.68 (s, 
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Figure 4.4. iH T~VIR of n-butyl thioacetate. 
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Figure 4.5. iH r~VIR of 6-chlorohexanal. 
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Figure 4.8. iH r~VIR of 3-hydroxyoctane-1,8-dimethyldiester. 
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Figure 4.9. iH NMR of methyl 8-chloro-3-hydroxyoctanoate. 
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Figure 4.13. iH NMR of methyl 3-hydroxy-5-methylhexanoate. 
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Figure 4.14. 'H NMR of n-butyl3-hydroxythiooctanoate. 
92 
S-n-Bu M 
1 t 1 1 I 1 I 
200 180 160 140 120 100 80 60 40 20 0 ppn 














5 4 3 2 
Figure 4.16. 'H NMR of n-butyl3-hydroxythiohexanoate. 
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Figure 4.17. 13C r~VIR of n-butyl 3-hydroxy-5-methylthiohexanoate. 
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Figure 4.20. iH r~VIR of n-butyl 3-hydroxythiononanoate. 
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Figure 4.22. IH NMR of n-butyl3-hydroxythiodecanoate. 
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Figure 4.23. 13C r~~IR of n-butyl 3-h drox hiodecanoate. y ~ 
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Figure 4.24. 1H 1v1VIR of n-butyl 3-hydroxy-5-methylthiohexanoate. 
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Figure 4.26. 13C r~VIR of S-n-butyl methyl 3-hydroxyoctane-1,8-diester. 
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Figure 4.28. iH I~fMR of Crude hex-5-yne- l -al. 
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Figure 4.44. GC-MS spectrum of n-butyl 3-hydroxythiooctanoate 
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Figure 4.45. GC-MS spectrum of n-butyl 3-hydroxythiohexanoate. 
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Figure 4.50. GC-MS spectrum of S-n-butyl methyl 3-hydroxyoctane-1,8-diester. 
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Figure 4.51. GC-MS spectrum of n-butyl 8-chloro-3-hydroxythiooctanoate. 
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Figure 4.53. GC chromatogram of 3-hydroxyoctane-1,8-dimethyldiester. 
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Figure 4.55. GC chromatogram of methyl 3-hydroxy-5-methylhexanoate. 
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Figure 4.57. GC chromatogram of methyl 8-chloro-3-hydroxyoctanoate. 
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Figure 4.59. GC chromatogram of methyl 3-hydroxyoctanoate. 
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CONCLUSION 
The goal of this project was to devise chemical as well as enzymatic methods for the 
production of chiral poly(hydroxyalkanoates) (PHAs). PHB, the most important member of 
the PHA family, was synthesized by trflic acid-catalyzed ring-opening polymerization (ROP) 
of (3-butyrolactone. The study of the mechanism of polymerization revealed that the ring 
opening takes place through the cleavage of carbonyl carbon and oxygen atom of the ~i-
lactone ring (acyl cleavage) with retention of configuration at the chiral center. The direct 
degradation of natural PHB into the corresponding (R)-3-hydroxybutyric acid was also 
achieved by using triflic acid as catalyst. Hence, chiral PHAs could be chemically degraded 
to form the corresponding chiral (3-hydroxyalkanoic acid building blocks. 
A chemoenzymatic approach for the synthesis of chiral poly(hydroxyalkanoates) (PHAs) is 
presented. A library of racemic ~i-hydroxythioesters containing different functionalities in the 
side chain was synthesized using aldol reaction. Thus, an in vitro system using purified 
synthases and chemically synthesized racemic (3-hydroxythioesters, as proposed in this thesis, 
can be used for the production of chiral poly(hydroxyalkanoates) (PHAs), which can then be 
degraded chemically to produce enantiomerically pure ~i-hydroxyalkanoic acids.Chiral (3-
hydroxyalkanoic acids have been used as starting materials for the synthesis of natural 
products (Marukawa 2002). 
A purely chemical approach for the synthesis of (R)-3-hydroxyalkanoic acids is also 
reported. (R)-3-hydroxydecanoic acid was synthesized in six steps. Using this strategy, 
different chiral ~3-hydroxy acids can be synthesized by employing different Wittig reagents in 
the Wittig reaction step. 
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